ABSTRACT
INTRODUCTION
Nucleotide excision repair (NER) is a complex process used by cells to remove a broad spectrum of structurally unrelated lesions. This includes the major class of lesion induced by UV light, namely cyclobutane pyrimidine dimers (CPDs) (1) (2) (3) . DNA damage is removed by NER through two incisions of the damaged strand on both sides of the lesion, followed by gap repair synthesis and ligation. In eukaryotes, this process requires more than 20 different polypeptides and the damage is excised in a 24-32 nt long fragment. NER has been highly conserved and homologous genes are found in organisms ranging from yeast to humans. The human proteins required for the dual incisions include seven xeroderma pigmentosum (XP) proteins, trimeric replication protein A (RPA) and the multisubunit general transcription factor TFIIH.
The rate of NER is heterogeneous within the genome. For genes actively being transcribed by RNA polymerase II, CPDs in the transcribed strand (TS) are repaired faster than CPDs in the non-transcribed strand (NTS) (4) (5) (6) (7) (8) (9) (10) . This preferential repair of the TS is referred to as transcription-coupled repair (TCR). The slower repair of the NTS, or that of both the TS and NTS of inactive genes, is termed global repair. In the yeast Saccharomyces cerevisiae global repair requires both the RAD7 and RAD16 genes (11) .
In humans several gene products implicated in TCR are defective in three rare hereditary disorders: XP, trichothiodystrophy (TTD) and Cockayne syndrome (CS) (1, 12) . Two of the complementation groups of CS (CS-A and CS-B) exhibit no defect in global repair, but they are severely impaired in TCR (13, 14) . Mutation analysis has shown that CSB is selectively involved in TCR (15) . In S.cerevisiae, a gene homologous to CSB was identified and designated RAD26 (16). The rad26 disruption mutant is not sensitive to UV, cis-platinum or X-rays and grows normally, indicating that the gene does not have an essential function. CPD repair in the rad26 mutant at the gene level revealed that preferential repair of UV-induced CPDs in the TS of the active RPB2 gene is severely impaired (16). However, using high resolution repair analysis, Tijsterman et al. (17) showed that Rad26 is not required for efficient repair of the transcription initiation region, but only for the region concerned with the elongation stage of RNA polymerase II transcription.
We have established a model system in S.cerevisiae that permits the dissection of DNA repair at nucleotide resolution in the MFA2 gene. It entails a simple, efficient end-labelling system and has been used by us to investigate the removal of UV-induced CPDs in the MFA2 control or coding sequences (9, 10) . We previously mapped NER of CPDs in a rad16 strain and confirmed at nucleotide resolution that Rad16 is necessary for NER in the NTS of the MFA2 gene. However, in the non-*To whom correspondence should be addressed. Tel: +44 1792 295384; Fax: +44 1792 295447; Email: r.waters@swansea.ac.uk transcribed upstream control region of the MFA2 TS, we detected NER in a rad16 mutant. Therefore, Rad16 is not absolutely required for the repair of CPDs in this upstream non-transcribed region (9) . Here we report experiments that examine the role of Rad26 in repair of the MFA2 gene in MATa cells, where MFA2 is transcriptionally active.
MATERIALS AND METHODS

UV irradiation and DNA extraction
The rad26 (MATa rad26::HIS3 ade2 his3-532 trp1-289 ura3-52) mutant strain was grown in yeast complete medium at 28°C overnight to a density of~4 × 10 7 cells/ml. UV irradiation of cells, DNA isolation and its incubation with T4 endonuclease V were all undertaken as described by Reed et al. (18) . The RAD26 strain (MATa ade2-1 trp1-1 can1-100 leu2-3 112 his 3-11, 15 ura3 ) was similarly processed.
Probes/primers used for the analyses
For fragments obtained by restriction with RsaI: probe/primer 1, 5′-biotin-gatagcttttttACACCATCTACTACATAATTAATT-GATAGTTTCCT-3′ (the sequence in lower case is an overhang modification); probe/primer 2, 5′-biotin-gatagctttttt-ACGGACTTGATGCACGTGAAAAACCATTATTTAAA-3′; primer 3, 5′-gatagcACGGACTTGATGCACGTGAAAAAC-CATTAT-3′; primer 4, 5′-gatagcACACCATCTACTACAT-AATTAATTGATAGT-3′. For fragments obtained by restriction with MnlI: probe/primer 1, 5′-biotin-gatagcttttttAAAGC-GAGAGGAAAAAGCTGTTGCATTACC-3′; probe/primer 2, 5′-biotin-gatagcttttttCTTTTCAGAGGATTTATCCTTCTGAG-TGGC-3′; primer 3, 5′-gatagcCTTTTCAGAGGATTTATC-CTTCTGAGTGGC-3′; primer 4, 5′-gatagcAAAGCGAGAG-GAAAAAGCTGTTGCATTACC-3′. For fragments obtained by restriction with AluI: probe/primer 1, 5′-biotin-gatagctttttt-CTATCATCTTCATACAACAATAACTACCA-3′; probe/ primer 2, 5′-biotin-gatagcttttttCTAATGATGAGAGAATT-GGAATAAATTAGT-3′; primer 3, 5′-gatagcCTAATGAT-GAGAGAATTGGAATAAATTAGT-3′; primer 4, 5′-gatagc-CTATCATCTTCATACAACAATAACTACCA-3′.
Purification and labelling of MFA2 fragments
An aliquot of 30 µg of yeast DNA was isolated for each sample from cells that were unirradiated or irradiated with 125 J/m 2 UV at 254 nm and sampled either immediately or after 1, 2, 3 or 4 h repair times. DNA was restricted with 60 U of restriction enzyme (RsaI, MnlI or AluI; Promega) at 37°C for 1 h in a total reaction volume of 200 µl. The enzyme was removed by phenol/chloroform extraction and the DNA was then precipitated using 20 µl of 3 M NaAc and 220 µl of isopropanol. After centrifugation, the DNA pellets were resuspended in 100 µl of TE buffer. T4 endonuclease V was used to cut the CPDs at 37°C for 1 h. T4 endonuclease was removed by phenol/chloroform extraction followed by chloroform extraction. To the samples was added 1 pmol of biotinylated probe 1 to detect damage in the TS. The samples were denatured at 95°C for 5 min and then incubated at 60°C for 15 min to allow the probe to anneal to the MFA2 fragments (the length of the MFA2 fragment annealed to the probe will depend on the position of CPDs within the fragment). To each sample were added 100 µg of washed Dynabeads, which were mixed well. The mixtures were kept at room temperature for 15 min to allow the streptavidin-coated Dynabeads to bind to the biotin molecule at the 5′-end of the probe. The tubes were placed in a Dynal magnetic particle concentrator (MPC) and the beads with the attached MFA2 fragments were attracted to the wall of the tube. The MPC was used at subsequent steps to attract the fragments to the wall of the tube following the various washing and labelling steps. The supernatant containing the MFA2 NTS fragments and other genomic DNA fragments was removed to a fresh tube for purification of the MFA2 NTS following the same procedure as for the TS except using probe 2. The beads bound with MFA2 fragments were washed with 60 µl of washing buffer (5 mM Tris-HCl, pH 7.5, 0.5 mM EDTA, 1.0 M NaCl) at 60°C for 5 min and the buffer removed. The second and third washes were performed at room temperature with 60 µl of water. The MFA2 fragments were end-labelled with six [α-32 P]dATP residues by T7 DNA polymerase (Amersham) using the six-T overhang in the probe as template. The labelling reaction was complete after 10 min at 37°C. The labelling medium was removed while the beads with the bound MFA2 fragments were kept on the wall of the Eppendorf tube. The order of retrieval of TS and NTS has no effect on the labelling result, e.g. probe 2 can be used to retrieve the NTS before TS purification.
Following two washes with 30 µl of TE, the labelled MFA2 fragments were eluted from the Dynabeads at room temperature by the addition of 3 µl of formamide loading buffer (95% formamide, 20 mM EDTA, 0.05% bromophenol blue). The eluted fragments were resolved by electrophoresis on a 6% denaturing polyacrylamide gel. The running buffer was TBE (89 mM Tris base, 89 mM boric acid, 2.5 mM Na 2 EDTA·2H 2 O) and electrophoresis was carried out in a field of 40 V/cm.
Sequencing of the MFA2-containing fragments and quantification of DNA damage and repair
These were undertaken as described by Teng et al. (9, 10) .
RESULTS
Examining CPDs at the level of the nucleotide
To examine the repair of UV-induced CPDs in vivo at nucleotide resolution, cells were irradiated with UV and DNA was extracted as described in Materials and Methods. It should be noted that S.cerevisiae is quite UV resistant and repair is clearly measurable after the 125 J/m 2 dose applied here and in our previous experiments. RsaI digestion yields an 869 bp MFA2 fragment covering the whole MFA2 transcription region, its upstream promoter region and its downstream transcription termination region. After restriction enzyme digestion and cutting at CPDs, MFA2 fragments were purified and labelled. Labelled fragments were eluted from the Dynabeads and loaded onto a sequencing gel. Typical autoradiographs from experiments examining CPD repair in the TS and NTS of RsaI restriction fragments of a RAD26 wild-type strain are shown in Figure 1 . It is important to note that many repair trends cannot be easily distinguished by visual examination of these gels. Up to 50% variation can occur in loadings per lane. Thus repair is only quantifiable by analysis of total radioactivity versus that in given bands of a lane as estimated from the phosphorimage. Our images are shown to illustrate the quality of our gels and to emphasise that no spurious bands occur at non-CPD sites, which would be evidence of incomplete polymerisation during the end-labelling. The U lanes have a strong band at the top of the autoradiograph representing the intact MFA2 fragments. In other lanes (0-3), bands representing smaller fragments due to cutting at CPD sites emerged at the di-or poly-pyrimidine positions referenced from the sequencing ladder. The signal at a specific band compared to the total activity in a lane is indicative of the frequency of damage at that site and its decrease after a certain repair time is indicative of CPD repair. The putative TATA sequences and Mcm1 binding site are marked in dark grey, located in the control region at -83 and -209, respectively. Due to analysis being undertaken by a phosphorimager, the efficiency and accuracy of the gel quantification are greatly improved compared to our previous analysis of rad16 (9) . Now we are able to focus accurately on repair trends for closely spaced CPDs within the control and coding regions. The quantified results for the RAD26 strain are shown in Figure 3 . The repair of CPDs in the upstream control region of RAD26 is enhanced towards the transcription start point, except for the TATA box region, where CPD repair is slow compared with other CPDs nearby. In the upstream region close to the transcription start point, the rate for repair of a group of CPDs at -4 to -8 is enhanced to the TCR level observed in the MFA2 transcribed region. In the region after the termination of transcription, the repair rate drops.
CPD repair in the MFA2 TS of the rad26 strain Figure 2a depicts typical images detecting CPDs in the TS of the RsaI restriction fragment in DNA isolated from the rad26 mutant strain. Adjacent CPD bands in the whole control region were well resolved as distinct bands on the sequencing gel. In contrast, due to the length of the fragment being analysed, CPDs in the transcribed region and transcription termination region at the top of the gel are not always resolved into discrete bands. Using different enzymes and probes, these CPDs can be resolved as distinct bands. MnlI digestion yields a 225 bp MFA2 fragment, which permits a detailed analysis of CPD repair around the transcription start site (Fig. 2b) . AluI restriction produces a 247 bp fragment containing the MFA2 transcribed sequence, and CPDs on this fragment are well separated on a sequencing gel (autoradiographs not shown).
Analysis of the different restriction fragments on the above sequencing gels gave a comprehensive picture of CPD repair for the whole MFA2 TS (upstream control, transcription and downstream transcription termination regions). The data are presented in Figure 3 and are the averages of at least two experiments with each restriction enzyme (RsaI gives the whole region, whereas MnlI and AluI duplicate smaller regions within the RsaI fragment). Most of the CPDs on the TS were repaired at a similar rate, with a t 50% of 4 h. However, heterogeneous repair is observed in some regions. Here, we report differences in repair for specific single CPDs or for more than one CPD in a poly-pyrimidine tract which are consistently observed in all experiments.
Progressing from the Mcm1 binding site to the transcription start point, repair of CPDs shows an increasing trend, from a t 50% of 4 h at -216 TTTTTTC -210 to a t 50% of 2 h at -8 TTTT -4 , except for the TATA box area, where two group of CPDs were found with a t 50% of 4 h. As shown in the upper histograms of Figure 3 , for the region close to the transcription start point, CPDs at position +5 CTC +7 are repaired with a t 50% of 4 h, which matches the average repair rate for the whole of the transcription region. Fast repair of CPDs occurs in the region close to where transcription terminates, and a t 50% of 2 h is observed at +313 TT +314 and +316 TCT +318 . After the termination of transcription (downstream of +329), repair of CPDs was detected at the same rate as the average for the transcription region and for the NTS (t 50% 4 h).
CPD repair in the MFA2 NTS of the rad26 strain
Analysis of the autoradiographs detecting CPDs in the MFA2 NTS of the rad26 strain (autoradiographs not shown) shows that (Fig. 3, lower histograms) although the majority of CPDs were repaired with a t 50% of 3-4 h, heterogeneity exists for CPD repair. Three CPDs at +309 CTTT +312 were repaired with a t 50% of 1.8 h: this is the region where transcription of the complementary strand terminates. Thus, enhanced repair in this termination region has been observed in both the RAD26 wild-type and in the rad26 mutant when MFA2 is transcriptionally active. It should be noted that, as previously shown, CPDs further downstream of the MFA2 NTS region but which are still within the RsaI restriction fragment are in the end of an ORF running in the opposite direction. Here, enhanced repair of CPDs occurs due to TCR. This region will not be discussed further as it is not part of the MFA2 gene.
DISCUSSION
The NER pathway consists of two sub-pathways: TCR and global genome repair. The former sub-pathway operates on NER substrates in the TS of active genes so that they are removed at a faster rate compared to substrates removed via global repair of non-transcribed DNA. Although the NER model is widely accepted and nearly 20 NER essential repair proteins have been characterised, the molecular mechanisms of both NER sub-pathways in eukaryotes are still poorly understood. van Gool et al. (16) cloned and characterised RAD26, the yeast counterpart of human CSB. They showed that disruption of RAD26 gave viable cells that grow normally. However, preferential repair of CPDs in the TS of the active RPB2 gene is severely impaired in a rad26 mutant. This finding indicates that the yeast protein Rad26 is essential for TCR. Thus, the CSA, CSB and Rad26 proteins have been considered as TCR factors. However, the mechanism of their participation in TCR still remains to be elucidated.
In previous studies (9,10), we showed that the NER of CPDs in the MFA2 TS was enhanced in the upstream Mcm1 binding region. This is~200 nt away from the MFA2 transcription start point, and in RAD26 cells, the closer to the transcription start point, the quicker the repair observed, except for CPDs in the TATA box region, where repair slows down. This enhanced repair rate was greatest at -8 to -4 and continued into the transcribed region, slowing down where transcription terminates. Our results in this study show that in the MFA2 upstream promoter region, similar enhanced repair generally occurred in the rad26 mutant as in the wild-type (9, 10) . However, slower repair in rad26 does occur for CPDs in the TATA box region. Here, t 50% in RAD26 cells is 3-4 h and in rad26 cells is 4-5 h. The enhanced repair rate for the transcribed region in the wildtype (t 50% 2 h) dropped in the rad26 mutant to the average repair level observed in the NTS region (t 50% 4 h). In the region close to where transcription ends, CPDs at +313 TT +314 and +316 TCT +318 were repaired in rad26 cells as in the wild-type, i.e. at a t 50% of 2 h. These data indicate that Rad26 does not influence NER of CPDs in the MFA2 upstream control region with the exception of those in the TATA box region. This result may be due to rad26 having a somewhat slower rate of transcription compared to the wild-type: a fact that may also influence the TCR result. However, no detectable significant difference in transcription of the RPB2 gene occurs in rad26 (J.Brouwer, personal communication). Thus, the TCR defect cannot be attributed solely to reduced transcription. For MFA2, Rad26 is required for TCR in the initiation region of the transcription unit and its downstream transcription sequences, except for some sites close to the end of transcription.
RNA polymerase II promoters are composed of core and regulatory regions. The core regions comprise a TATA box and the transcription start site. TATA box binding protein (TBP) and other TBP-associated factors (TAF) bind the TATA box in the first step of forming a transcription initiation complex that comprises RNA polymerase II, TBP, TAFs, TFIIB, TFIIE, TFIIF, TFIIH and other transcription factors. This TATA box binding of the complex may impair the accessibility of the NER proteins to CPDs close to this binding region, thus accounting for the reduced NER in this region. Among the transcription factors mentioned above, TFIIH plays a dual role in both transcription and NER and this may explain the TCR pathway. Yeast TFIIH exists in two different forms. Core TFIIH is active in NER and consists of five subunits, including the repair protein Rad3, TFB1 and Ssl1; holo-TFIIH is active in transcription and consists of core TFIIH and the CTD kinase complex, TFIIK, which is essential for transcription and dispensable for NER (19) (20) (21) .
The results at the level of the nucleotide in our study indicate a significant role for Rad26 in TCR operating on the whole of the MFA2 transcribed region. In vitro experiments showed that active NER significantly limits the extent of RNA polymerase II transcription. This inhibition of transcription is relieved by supplementing holo-TFIIH, but not core TFIIH. Furthermore, RAD26 is required for this NER-dependent transcription (22) . When RNA polymerase II stalls at a damage site, it is possible that holo-TFIIH is disassembled to the core TFIIH and TFIIK and then core TFIIH is recruited to form a repairosome with other repair proteins. Whether holo-TFIIH dissociates from the RNA polymerase II complex before forming a repairosome is not clear. Tijsterman et al. (17) suggested a putative role of Rad26 in the recruitment of TFIIH in the repairosome. They found that Rad26 is not needed for efficient TCR of CPDs positioned within approximately 50 bases from the transcription initiation site in the transcribed strand of the RPB2 and URA3 genes. Thus they proposed that this protein is only needed for TCR in the elongation stage of RNA polymerase II transcription, but that it is not needed for TCR in the transcription initiation region. In contrast, a requisite for Rad26 in efficient TCR of the transcription initiation region and the elongation region of the MFA2 gene was observed in our study.
It should be borne in mind that the differences between the regions where TCR operates for MFA2 versus RPB2 and URA3 could reflect the extent of transcription from these loci. It is possible that TCR profiles for lowly transcribed genes differ from those for genes where transcription is greater. Experiments examining TCR of the Escherichia coli tRNA Tyr gene have demonstrated differences in the extent of TCR in relation to the amount of transcription (23) .
In the MFA2 upstream control region, NER proceeds with characteristics different from both global repair and TCR, since (i) we detected that the global repair protein Rad16 is not absolutely required for this region and (ii) the quick repair of CPDs close to the transcription initiation point is not due to TCR because the sequence is not transcribed (9; this paper). Therefore, we speculate that an interim repair pathway exists for repairing such a region where a global repair to TCR transition occurs. For the MFA2 gene, CPD repair in this region is mainly Rad26-independent, the exception being CPDs in the TATA box region. Here, it is possible that there are roles in repair for nucleosome positioning and/or histone acetylation and binding of regulatory or transcriptional proteins. Studies on repair performed in conjunction with footprinting will assist in resolving this aspect. Once transcription starts, Rad26 is required for TCR, presumably via the interchange between holo-TFIIH and the core TFIIH.
Surprisingly, faster repair is observed for CPDs in the region ( +313 TT +314 and +316 TCT +318 ) close to the end of transcription. Here, TFIIH may take a form favourable for forming a repairosome without Rad26 assistance. However, we cannot rule out the possibility that the organisation of DNA into nucleosomes/ chromatin or its conformation with respect to the termination of transcription can create faster repair spots. CPDs in the same region of the MFA2 NTS ( +309 CTTT +312 ) are repaired faster than CPDs nearby in the same strand. Hence, any mechanism must account for enhanced NER irrespective of the strand involved. Mapping DNA repair at the level of the nucleotide with respect to the position of nucleosomes and with respect to the ability to terminate transcription of MFA2 at this site will address this issue.
